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Introduction

Homogeneous Charge Compression Ignition (HCCI), Premixed Charge
Compression Ignition (PCCI) and other advanced engine combustion modes based on Low Temperature Combustion (LTC), have been studied in the last years as ways to simultaneously reduce soot and N O x emissions in Compression Ignition (CI) engines [1, 2] . These modes manage to accomplish such task; however, high emissions of unburned hydrocarbons (UHC) and carbon monoxide (CO) are achieved. The reduction of soot and N O x are reached by avoiding their formation peninsulas, which can be seen in equivalence ratiotemperature diagrams [3] . UHC and CO can be easily oxidized with the current post-treatment systems. Thus, the main challenge to implement these new combustion strategies in commercial reciprocating internal combustion engines is the lack of control over the autoignition process and over the heat release rate [4] .
The ignition control is much more difficult under these conditions; however, by adjusting engine operating parameters like the Exhaust Gas Recirculation (EGR) rate or the inlet temperature, the chemical kinetics of the charge can be controlled [5] . Therefore, it is necessary to improve the knowledge about the autoignition phenomenon and about the combustion process under low temperature conditions to properly modify the operating conditions of the engine and control the heat release and, therefore, the combustion efficiency.
Spectroscopy is a non-intrusive optical technique widely used in combustion diagnosis [6] , such optical techniques are powerful tools to analyze not only the ignition of homogeneous mixtures, but also different parameters of the combustion process. Natural luminosity analysis and spectroscopy have shown to be able to describe the different phases of the combustion process under HCCI conditions [7] .
Mancaruso and Vaglieco [8] applied spectroscopic measurements to a transparent diesel engine in order to study the low temperature combustion process. They saw that the OH * was widely distributed in the chamber during the whole combustion process, concluding that OH * was recognized as the most important radical that marked premixed combustions.
Iijima and Shoji [9] also performed a spectroscopic analysis of HCCI combustion for n-heptane and iso-octane in a 2-stroke single-cylinder engine.
The authors found that the time of the peak light emission intensity in a wavelength range of 300 -500 nm nearly coincides with the time of the peak of heat release rate, which could be used as a tracer of the high temperature ignition delay. However, no light emission spectrum attributable to cool flames was observed at high EGR rates. Moreover, a strong and long-lived light emission attributable to the OH * radical can be seen only under high equivalence ratios.
Kim et al. [10] compared the HCCI mode with PCCI and standard spark ignition (SI) using spectrum analysis, with a transparent engine. The authors found that the CO − O * emission dominates the spectra in the HCCI chemiluminescence emission, but it is difficult to measure OH * , CH * , and C 2 * radicals. Moreover, the presence of OH * peaks in the spectra of very lean HCCI combustion could be an indication of non-homogeneous conditions. The authors concluded that chemiluminescence is as a good method for analyzing engine combustion.
Murase et al. [11] have studied the HCCI combustion with a Rapid Compression Machine by means of direct visualization and spectroscopy. They could see that during the main heat release duration the distinct OH * emission appeared, and it was superimposed on the carbon monoxide oxidation continuum. After the main heat release, the broad peak of the spectrum was shifted to the longer-wavelength side (H 2 O vibration-rotation bands at 580.7 -966.9 nm).
Finally, Hwang et al. [12] studied the temporal phases of autoignition and combustion in an HCCI optical engine for several fuels by applying a spectroscopic and a chemical-kinetic analysis. The authors divide the combustion process in four different stages, which can be described by spectroscopy: Low-temperature heat-release phase or cool flames (only existing in two-stage ignition process), intermediate-temperature heat-release phase (which affects the fuel ignition quality), main high-temperature heat-release phase and, finally, a burnout phase (with very weak uniform emission and near-zero heat-release rate).
The motivation of this study is the analysis of the combustion under HCCI conditions in order to extend the aforementioned studies. The spectra of homogeneous combustions is now analysed under a wider range of conditions, extending the studies of Iijima and Shoji [9] to different equivalence ratios, compression ratios, initial temperatures and pressures and EGR rates.
The importance of studying the combustion ignition delay time under HCCI conditions is justified by the role of this parameter in controlling the heat release rate and the efficiency under such conditions. The optical analysis contributes by studying the sources of the radiation and which chemical reactions control them. Furthermore, a more complete sub-model of excited OH has been validated with experimental results, not only referred to the ignition delay time of OH * but also the time of life of the radicals. This sub-model has been developed based on the Hall and Petersen sub-model for the OH * [13] , extending the number of reactions involved. The validation of such sub-model in a broad range of operating conditions allows the use of the mechanism in future works of research.
In this study autoignition and combustion are studied under HCCI conditions in a Rapid Compression Expansion Machine (RCEM) by means of spectroscopy. The study has been performed with two different surrogate fuels with reactivities typical of diesel fuel and gasoline: n-heptane and isooctane, respectively. Despite the fact that more sophisticated surrogate fuels for diesel and gasoline can be found in the literature, n-heptane and isooctane were chosen because extended and fully validated chemical kinetic mechanisms are available for both of them. Moreover, n-heptane, iso-octane and their blends are Primary Reference Fuels (PRF) employed to define the octane reference scale and they are widely used in the literature as surrogates of diesel and gasoline under engine conditions [14] .
Spectra of the combustion process and chemiluminescent intensity distribution will be experimentally obtained under different conditions of pressure, temperature, equivalence ratio and oxygen mass fraction. Experiments are reproduced with the software of chemical simulation CHEMKIN. This software, which is developed by Reaction Design (ANSYS), is consolidated in the world of engineering investigations [15] and the chemical kinetics mechanisms of several hydrocarbons are perfectly defined to be used with it [16] .
Finally, the numerical results are validated experimentally using a RCEM.
The structure of the paper is as follows:
• The experimental facilities involved in the study are presented, including the RCEM and the additional optical setup.
• The methodological approach is detailed, where the experimental and simulation methods are described and the parametric study performed is presented.
• The main chemical kinetic mechanism and the sub-model for the excited OH at an excited estate are presented and validated by comparison with experimental results.
• Results are presented from a spectroscopy point of view, linking the optical results with different stages of the process.
• Finally, the conclusions of this study are shown.
Experimental tools
Rapid Compression Expansion Machine
A RCEM is an experimental facility widely used in autoignition studies due to its capability to reproduce engine conditions [17] . It can replicate the combustion process of reciprocating engines with fully controlled initial and boundary conditions and avoiding the complexities associated to engines [18] .
Different compression ratios can be achieved in the RCEM by varying the stroke and the clearance volume. Axial optical access is available [19] and the compression velocity can be varied in order to simulate the effect of different engine speeds. In a RCEM part of the expansion stroke of the piston can be also analyzed and most of the engine parameters can be calculated, such as the heat release rate or the combustion efficiency. In this facility both homogeneous and heterogeneous (direct injection) mixtures can be tested, as well as new combustion modes such as the dual fuel technology [20] or LTC [21] .
A schematic of the RCEM is shown in Figure 1 . The RCEM is pneumatically driven and its pistons are hydraulically coupled. As it can be seen, it can be divided in two different zones, the experimentation zone and the driving zone. The experimentation zone is composed by the combustion chamber, while the driving zone is composed by four different pistons. Piston 1, which is called pushing piston, is pneumatically driven and hydraulically coupled to piston 2, which is called driver piston and is directly connected with the combustion chamber. Piston 3 is hydraulically driven and it can be adjusted to select the compression stroke. Finally, piston 4 contains the compressed air that drives the machine. Details on the operation principle of the RCEM can be found in [22] . The technical characteristics of the RCEM can be seen in Table 1 . The pushing piston and the driver piston are instrumented with two incremental position sensors (AMO LMK102) with a resolution of 0.01 mm, which allow knowing the absolute position of each piston and; therefore, the combustion chamber volume. The combustion chamber is composed by three elements, the experimentation piston (mechanically connected to the driver piston), the liner and the cylinder head. The experimentation piston consists on a steelmade piston with 84 mm of bore and a quartz-made bowl with cylindrical shape, 50 mm of bore and 2.2 mm of depth, which allows the axial optical access. As the bowl is flat, the chamber images can be recorded without any image distortion. Besides, the cylinder head and the cylinder liner have different heating elements arranged in six separately controlled zones, which are responsible for heating the cylinder walls and the experimentation piston. The wall temperature is measured by a total of six type K thermocouples, two located in the cylinder head and four in the liner. Very good temperature homogeneity has been observed [22] , with a standard deviation of the gas temperature in the order of 3 K. It was found that the distribution of temperature is barely affected by the gas in-flow due to its slow speed. An initial gas temperature equal to the wall temperature is achieved due to the long duration of the intake process.
The cylinder head is instrumented with a Kistler 7061B cooled piezoelectric pressure sensor (-80 pC/bar of sensitivity), which is coupled to a Kistler 5011 charge amplifier, and whereby the in-cylinder pressure is measured. 
Optical setup
A schematic of the optical arrangement is shown in Figure 1 
Methodological approach
Rapid Compression Expansion Machine
The desired stroke of the machine is selected and the RCEM is heated up to the desired temperature. Then, the synthetic air-EGR mixture is prepared in the mixing tank. In this study, EGR was considered as a combination of 20 % CO 2 + 80 % N 2 in volume, and it is mixed with dry air until the amount of oxygen in the mixture is the one desired by the user.
The combustion chamber is scavenged several times before the filling.
The fuel is injected into the combustion chamber at the start of the intake process to avoid problems of stratification or other inhomogeneities. The long duration of the process (approximately 40 s), are enough to guarantee a homogeneous environment in the chamber when the compression stroke starts.
In order to ensure a representative ignition delay time measurement the number of repetitions of each point has been selected so that the semiamplitude of the confidence interval with a level of confidence of 95 % is smaller than 1 % of the mean ignition delay value. The repeatability of the machine has been previously studied in series of 10 repetitions under motoring conditions and under combustion conditions. The following maximum coefficients of variation have been found:
Max. In this work the autoignition of the mixture is considered to be produced when the time derivative of the pressure signal (which will be referred as pressure rise rate or, simply, pressure rise further on) reaches a maximum.
Thus, the ignition delay in the experimental facility is defined as the time between the start of the rapid compression process and the instant in which the maximum pressure rise is obtained, as can be seen in Figure 2 . This way, cool flames and high temperature ignition delay can be easily distinguished in case of two-stage ignition.
Finally, the temperature profile is calculated for each experiment by applying the energy equation, since the pressure profile and the position of the piston are known. The heat losses are characterized by a model based on the Woschni correlation [23] . The calculation includes two additional models for deformations and leaks, both of them explained in [24, 25] .
Spectrography
The spectral information has been obtained by processing the images captured with the intensifier-camera group coupled to the spectrograph. An inhouse routine developed in MATLAB has been used to calculate the spectral 
Chemical kinetic mechanisms
As previously mentioned, CHEMKIN is the software used to reproduce the experiments; the version used is CHEMKIN-PRO. Curran's kinetic mechanism is used for n-heptane and iso-octane [26, 27] . This mechanism consists of 1034 species and 4238 reactions, and includes the chemical kinetics of the two hydrocarbons used in this investigation. Its validity has been checked in several articles by comparison with experimental results [14, 28] . Additionally, the chemical mechanism has been modified to incorporate an OH * sub-mechanism in order to be able to compare the chemiluminescence results in a easy way [13] . Furthermore, since the Curran chemical kinetics mechanism does not distinguish between OH (ground estate) and OH * (excited estate) the main generation reactions of excited OH have been located and modified in order to take into account the coexistence of both species [29] .
The complete OH * sub-model is explained in Appendix A.
The 
Parametric study performed
The performed experimental study was as follows:
• Fuel: n-heptane and iso-octane.
• Initial temperature (T i ): 358 K (only for n-heptane), 383 K, 408 K, 433 K and 458 K.
• Initial pressure (P i ): 0.14 M P a and 0.17 M P a.
• Compression stroke: 249 mm.
• Compression ratio (CR): 15 and 17 to 1.
• • Equivalence ratio (F r): 0.3 to 0.8 depending on the fuel and on the oxygen mass fraction.
The expected pressure and temperature at TDC under motoring conditions for these initial operating points are summarized in Table 2 .
CR 15:1 CR 17:1 The maximum equivalence ratio is limited by the working oxygen mass fraction in order to avoid extremely violent combustions. The equivalence ratio of 0.4 has been chosen as the base point in order to have the possibility to try leaner and richer mixtures without damaging the facility. The performed parametric study can be seen in Table 3 . Finally, the temperature of the combustion chamber is always above the boiling point of the fuel, therefore ensuring that the fuel is in vapour phase before the beginning of the cycle. 
Chemical kinetic mechanism and OH * sub-model
In this section, the validity of the chemical kinetic mechanism the submodel for the excited OH at an excited estate are checked by comparing them directly with the experimental results.
Validation of the chemical mechanism
Ignition delay times obtained solving the n-heptane and iso-octane detailed chemical kinetic mechanism are compared with the experimental re-sults as a method to validate the mechanism in the desired range.
The percentage deviation in ignition delay ( ), was calculated in order to compare more easily experimental and simulation results. This deviation is defined as follows: 
Validation of the OH* sub-model
Two additional ignition delays were defined: referred to a maximum oxidation rate of CO + O ⇒ CO 2 + hv, which is an estimator of the CO continuum, and referred to a maximum concentration of OH * , which is an estimator of the OH * chemiluminescence. Both ignition delays are obtained experimentally from the high speed camera and by simulation from CHEMKIN. The percentage error in the ignition delay (ε), was calculated in order to compare more easily experimental and simulation results. This error is defined as follows:
where t SOCx1 represents the ignition delay time. The subscript x1 represents one of the definitions, maximum oxidation rate of CO to CO 2 (ignition delay referred to CO) or maximum concentration of OH * (ignition delay referred to OH * ). Finally, the subscript x2 represents one of the experimental methods, photo-multiplier or high-speed camera. Of course, only the cases that show OH * peak in the spectroscopy analysis are taken into account for the calculation of the ignition delay error referred to OH * , and vice versa.
The average of the errors in absolute value (ε = | ε | /n), has been calculated for each fuel, as well as its confidence interval with a confidence level of 95 %. The following results are obtained:
• It is important to mention that the aforementioned errors are cause by deviation in the auto-ignition chemistry and not in the accumulation of excited OH * . The excited OH sub-model is able to predict with high accuracy the time at which the OH * is accumulated (high temperature stage of the autoignition process). Figure 4 shows the time evolution of the normalized OH * intensity from the high speed camera, as well as the normalized OH * molar fraction from CHEMKIN and the oxidation of CO to CO 2 , for two cases. On one hand, the luminosity recorded during the combustion belongs to the CO continuum. On the other hand, the decay from ≈0.03075 s, which occurs after the combustion, may belong to the OH * chemiluminescence. The OH * intensity is directly related with the amount of accumulated OH * and with the thermodynamic conditions in the combustion chamber.
The higher the reached temperature and the higher the concentration of OH * , the higher its luminous intensity. The combination of low temperature and small concentration of OH * is the reason why cool flames are not detected by the photo-multiplier nor by the camera.
Finally, Figure 5 show a comparison between the molar fraction of OH at their ground and excited states for the two cases previously discussed.
It can be seen that the peaks take place at the same instant for each of the cases, an instant which corresponds with the pressure rise caused by the ignition (maximum chemiluminescence). Nevertheless, the decay is different for both cases and therefore the time of life for the radiation will also be different than the OH at its ground estate. In this sense a sub-model for the prediction of excited OH is necessary to perform a chemical kinetic analysis of chemiluminescence results. 
Results and discussion
In this section the combustion process is studied from a point of view of spectrography and chemical kinetics. After that, experimental profiles of integrated luminosity and modelled oxidation rate of CO and OH * accumulation are related.
A spectroscopic analysis was performed to determine the source of the radiation measured by natural chemiluminescence at 310 nm. The results show two different scenarios, which can be seen in Figure 6 .
On one hand, for very lean or very low-temperature conditions the spectrum is dominated by the CO continuum, which covers a range of wave- lengths from 300 nm to 550 nm. In these cases no peak of intensity can be seen around 310 nm, which implies that the natural chemiluminescence at this wavelength belongs to the CO continuum and it outshines the OH * radiation. On the other hand, for more intense combustions a clear and long-lasting peak of intensity centered at 310 nm can be identified. Thus, the natural chemiluminescence measured in these cases may belong to OH * .
Therefore, the experiments can be divided in two groups, those that present an OH * peak in the spectroscopic analysis and those that only show the CO continuum. These groups are shown in Table 4 Figures 7 and 8 show two sequences of images where the evolution of the natural chemiluminescence at 310 nm over time can be seen in terms of intensity and area. Besides, the spectra of the combustion chamber are also showed for each time of the sequences. It can be clearly seen in Figure   7 a peak of OH * in the spectrum of the combustion which means that the chemiluminescent radiation measured belongs to the OH * radical. However, the absence of a peak in the spectrum of Figure 8 implies that the measured chemiluminescence belongs to CO. Additionally, by linking the information provided with Figure 4 the auto-ignition and combustion process can be described as follows:
i For two-stage ignitions, the so called cool flames start appearing and a small peak in the pressure rise rate can be seen (Figure 2 ). There is a tiny amount of radicals generated, which added to the low temperature are not enough to generate significant luminosity. In fact, a really small amount of OH * is accumulated according to the validated sub-model, being the main formation reaction of such radi-cal HO 2 + H ⇒ OH + OH * . However, HO 2 has an accumulation behavior during cool flames and the relevance of the previous reaction is negligible. Moreover, the exited OH * that is formed during this stage reacts with the CH 3 through the third body reaction
Therefore, no decay of exited OH to its ground state is present and no radiation is emitted.
ii With the start of the NTC phase there is a decrease in reactivity as the formation of chain carriers and formation of olefins are competing against each other; causing a change of slope in the pressure curve ( Figure 2) . Almost all the exothermic reactions are frozen during this stage, including the generation and decay of OH * . Thus, no radiation can be seen during the NTC zone.
iii The NTC stage comes to an end due to a slight increase in temperature.
This phase is controlled by the decomposition of H 2 O 2 through a third-
There is still no presence of OH * chemiluminescence as the OH generated is consumed to oxidize formaldehyde into CO instead of forming excited OH * . At this point the heat release starts.
iv After its formation, the CO starts to oxidize into CO 2 . The oxidation of CO is mainly caused by OH through CO + OH ⇒ CO 2 + H and by O through CO + O ⇒ CO 2 + hv (which is a luminous reaction). Therefore, the so called CO continuum starts. This light emission covers a range of wavelengths from 300 nm to 550 nm and, if it is bright enough, it can outshine the OH * chemiluminescence.
At the same time, the OH accumulation starts through the reactions v Once all the CO has been oxidized into CO 2 the maximum cycle pressure is reached and the heat release stops (Figure 4 ). For the cases in which the CO continuum predominates, this instant coincides with the end of the light emission (Figure 8-i) . However, for the cases that show peak of OH * , significant amounts of this radical remains in the combustion chamber and the luminous intensity continues during part of the expansion (Figure 7-h ).
vi Finally, the excited OH * disappears and the chemiluminescence of OH stops. Since the OH radical is only stable at high temperatures, it also disappears during the expansion stroke ( Figure 7 -i) by its recombination with atomic oxygen,
The oxidation of CO and the accumulation of OH * occur simultaneously.
Therefore, a priori, it is not possible to decide without a spectrograph if the natural chemiluminescence at 310 nm belongs to OH * or if it is outshined by the CO continuum. However, it should be noted that the time of life of the luminous intensity is very different in case of belonging to CO continuum or to OH * , as can be seen in Figure 4 , where the time of life of the OH * chemiluminescence is 0.65 ms longer than the CO continuum luminosity.
Thus, it is possible to use this parameter as a criterion to determine the source of the radiation.
Conclusions
The auto-ignition process and phases of combustion under HCCI combustion conditions using PRFs have been studied in a RCEM by means spectroscopy. The experimental results have also been used to validate a chemical kinetic mechanism for n-heptane and iso-octane and a sub-model for the excited OH. Additionally, the different combustion phases have been analyzed by measuring the chemiluminescence of OH * and CO and the results have been contrasted with those of the chemical kinetics. Last, the experimental results of radiation have also been related to the simulations.
The following conclusions can be deducted from this study:
• The experimental ignition delay times have been reproduced with the chemical kinetic mechanism. Additionally, the different definitions of ignition delay are able to be reproduce, such as: Maximum pressure rise, maximum concentration of OH, and maximum oxidation rate of CO.
• The spectroscopic analysis showed that there were two types of emission; one dominated by the CO continuum and another from the OH * .
The CO was seen to appear at lean equivalence ratios and low temperatures, while on the other hand, the OH * was present at high combustion temperatures. Reaction H + HO 2 ⇒ 2OH becomes more relevant at high combustion temperatures, which causes high accumulation of OH * and therefore higher luminosity. Additionally, the fuel also showed a big influence on the type of luminosity generated. The cases with iso-octane presented a more violent combustion which lead to the generation of more OH * , whereas the luminous emission from cases with n-heptane was more prone to be dominated by the CO continuum. Therefore, the cases can be separated into two groups (OH * and CO) based on the contour conditions and fuel employed.
• Neither of the optical techniques applied (chemiluminescence nor spectroscopy) were able to detect the cool flames. This was because either the in-cylinder temperature was too low or the the accumulated OH * concentration was too little. The luminous intensity of the OH * radical started when the CO began oxidizing into CO 2 , before the generated OH was consumed by the generation of CO. The time of maximum pressure rise rate was coincidental with that of the the maximum radiation, which also took place very close to the maximum oxidation rate of the CO to CO 2 . And last, OH * radical disappeared during the expansion stroke as it was only stable at high temperatures.
• Separating the chemiluminescence emitted by the accumulation of the OH * radical from that coming from the oxidation of CO to CO 2 was a difficult task to accomplish just by using natural chemiluminescence measurements at 310 nm. However, given the different time of life of each of the species, where that corresponding the CO is shorter than the one of OH * , it was found that the time of life was an appropriate indicator of the origin of the luminosity detected being longer for the cases in which the OH * dominates the radiation. 
